This study examined the feasibility of rapid rCBF monitoring using 133Xe as a tracer during operative procedures. We compared the initial slope index derived from two bicompartmental and one monocompartmental physiological models. The single-compartment model re quires only 3 min of monitoring, whereas the bicompart mental models, thought to be more reliable, require 11 min of clearance. Data were collected from 26 patients undergoing carotid endarterectomy. Approximately 20 mCi of 133Xe in saline was injected i. v. for up to five mea surements per patient, for a total of 117 measurements. The robustness of the regression for the three parameters (r = 0.781-0.99, p < 0.0001) suggests that the three pa rameters are closely related. This is supported by simi-
Most investigations of human rCBF with 133Xe employ a bicompartmental physiological model, first developed by Obrist et aI. (1975) . Such models are reliable, accurate, and have been proven valid under numerous conditions. However, all such models require at least 11 min of clearance moni toring as currently implemented. Although this monitoring period is satisfactory when steady-state conditions are assumed, it may be too long for as sessment of rapidly changing conditions. Increasing temporal resolution, i.e., more rapid measure ments, would be advantageous for many purposes. For example, neurovascular surgery often requires interruption of the blood supply to large cerebral areas; such interruptions are kept as brief as tech-larity of the slopes of the regression lines (between 0.944 and 1.25) and the mean ± SD of the three rCBF models (24.9-27 .5 ± 12.0-14.3 mll00 g-I min-I). Similar results were obtained for individual detectors, despite the ex pected higher variability. For intraoperative use in sur gical procedures in which physiological conditions may change rapidly and i. v. injections of tracer must be used, a rCBF index that quickly and accurately reflects flow conditions is useful. Our data suggest that the single compartmental Wyper index may be used to provide in formation about cerebral perfusion that is as accurate and robust as bicompartmental models, but requires only one-quarter of the data collection time. Key Words: Brain, blood flow measurement-Tr acers, 133Xe.
nically possible, often lasting <5 min. Thus, when the assessment of cerebral perfusion during such procedure is indicated, conventional models cannot adequately analyze such short clearance curves.
This study assessed the concurrent validity of a brief monitoring period, employing a single-com partment model (Wyper et aI., 1976) and two bi compartmental models using an ll-min monitoring period (Obrist et aI., 1975; Prohovnik et aI., 1983) . Full II-min measurements were performed, and the resulting clearance curves were analyzed by the two conventional bicompartmental models. In ad dition, the curves were truncated at 3 min, and the single-model index was applied. Our purpose was to validate the brief index for intraoperative use by examining whether it provides flow estimates as re liable as the bicompartmental models under these conditions.
MATERIALS AND METHODS

Experimental design
Informed consent was obtained from 26 patients sched uled to undergo elective carotid endarterectomy under general anesthesia. All patients had clinical evidence of transient ischemic attacks, embolic stroke referable to an operable carotid artery lesion, and/or hemodynamic in sufficiency. There were 13 men and 13 women under going 16 left and 10 right carotid endarterectomies. Ac cording to the risk classification by Sundt et al. (1981) , 10 patients were grade 1, one patient was grade 2, 13 pa tients were grade 3, and two patients were grade 4. Anes thesia was induced with thiopental (4 mg/kg) and tracheal intubation facilitated by vecuronium (0.1 mg/kg). Patients received either isoflurane, halothane, or fentanyl in addi tion to nitrous oxide and oxygen. Monitoring included end-tidal carbon dioxide tension, radial arterial catheter for blood pressure transduction and arterial blood gas analysis, two-channel compressed spectral array EEG, and rCBF device.
The surgical technique in all cases was similar. After dissection and exposure of the carotid artery, the common carotid artery was occluded with vascular clamps. The internal and external carotid arteries were then occluded and an arteriotomy was performed. A tem porary indwelling shunt was placed in all cases. After the endarterectomy was completed, closure of the arterio tomy site was begun. After the arteriotomy was sutured and patency of the carotid artery was verified, the wound was closed and the patient emerged from anesthesia. A brief neurological examination, which included assess ment of mental status and gross motor and cranial nerve function, was performed in the operating room after ex tubation of the trachea. Patients were brought to the neu rological intensive care unit for recovery.
Determination of rCBF was by the i.v. 133Xe method; data were collected from five detectors per hemisphere (vide infra). Initial Slope Index was calculated for each detector as described by Prohovnik et al. (1985) . Data were analyzed from up to five operative stages in each patient: baseline prior to carotid occlusion, during carotid occlusion (CLAMP), after placement of an indwelling shunt, during the shunt period with the PaC02 ele vated by approximately 7-8 mm Hg, and after restora tion of flow in the reconstructed carotid artery. It was not possible to obtain all rCBF measurements at all operative stages in all patients.
RCBF hardware and description of physiological models
A commercially available portable rCBF device (Novo Cerebrograph lOa) was used for all studies using the in travenous 133Xe method. Although the unit contains its own self-sufficient microprocessor, all collected data were stored in a portable laptop computer (Epson, Geneva, Switzerland) for transfer to a PDP 11/73 mini computer for off-line data analysis. This is necessitated by the rudimentary analyses and lack of storage available from the microprocessor in the portable rCBF device. The main data are transmitted as 132 discrete 5-s samples.
The first model, Ml, was first proposed by Obrist et al. (1975) . The curve-fitting process involves a "start fit time" (SFT). This was introduced to exclude artifactual data obtained during the first 60-90 s of the rCBF mea surement. Therefore, this model delays curve-fitting until the peak activity of the end-tidal air curve has decreased to 20% of its maximal value. A bicompartmental analysis of the data is performed according to the following equa tion:
where H(t) is the observed clearance curve, A(t) is the end-tidal air curve, an index of arterial input function, pI, kl, p2, k2 are the unknowns to be calculated, where p denotes compartment size and k denotes clearance rate, and $ is convolution.
The second model, M2, includes six unknowns as pro posed by Prohovnik et al. (1983) , and the equation is as follows:
where H(t) is the observed clearance curve; A(t) is the end-tidal air curve, as above; Av(t) is the average air curve; pI, kl, p2, p3, p4 are the unknowns to be calcu lated; and $ is convolution. The curve-fitting procedure with M2 is performed for the entire head curve and hence the SFT is the first point of the clearance curve.
The third model, M3, is a modification of the mono compartmental analysis proposed by Wyper et al. (1976) , using data from min 1-3 of the head curve to maximize contribution of gray matter:
where H(t) is the primary head curve; A(t) is the end-tidal air curve; pI, k 1 are the unknowns to be calculated; and $ is convolution.
rCBF calculations
After calculation of the tissue transfer function by each model (i.e., the appropriate p and k values), the Initial Slope Index was calculated as described by Prohovnik et al. (1975) . The deconvoluted clearance curve is con structed from either Ml, M2, or M3. On this curve the Initial Slope Index is defined as the product of 100 and the monoexponential slope between 0.5 min and 1.5 min. This index reflects clearance from both compartments, but is dominated by the fast compartment. The equation is a follows:
where H(x) is the value at time x. Initial Slope Index is here expressed in ml 100 g-I min-I, assuming a xenon blood -brain partition coefficient of unity for the perfused tissue.
Data analysis
Linear regression analysis was used to compare the Ml and M2 models for each operative stage in an initial sample of 19 patients. Because of the very close correla tion between Ml and M2 in these initial patients, only M2 and M3 models were compared by linear regression anal ysis for all measurements in the complete set of 26 pa tients, grouped by data collection lengths of equal to 11 min or less than 11 min and by operative stage. Clearance monitoring shorter than 11 min occurred when steady state could not be maintained due to operative con straints, such as during carotid occlusion, when place ment of the shunt was achieved prior to the end of the rCBF data collection period.
In addition, the patients were grouped by using EEG signs of cerebral ischemia evidenced by either loss of higher frequencies, increased slowing, or a reduction in total power by visual inspection of the compressed spec tral array EEG tracing during CLAMP. Those patients who showed no changes were classified as group I (no ischemic change) and those patients who had signs of ce rebral ischemia were classified as group 2 (ischemic change). The M3 Initial Slope Index for the two groups were compared by using Student's t test for unpaired data, two-tailed, and M3 Initial Slope Index was re gressed on M2 Initial Slope Index separately for each group.
We then repeated several of the above analyses for in dividual detectors, where variability and measurement error would be expected to present a more difficult situa tion. Due to the low flow range and operative consider ations as discussed above, a substantial number of clear ance curves in this population yielded monoexponential solutions even with the bicompartmental models. We de fined a monoexponential solution as a gray matter weight (wg) term of l; �4l % of curves were mono exponential. The software employed for compartmental analysis as sumes a W I = 1. 0 when bicompartmental convergence is not achieved in 30 iterations. To statistically evaluate the effects of monoexponential solutions, analysis of vari ance (AN OVA) was used in a 2 x 2 design: solution type (biexponential versus monoexponential) and the correla tion between M3 and the bicompartmental model (Ml and M2) as a repeated measure. A p < 0.05 was used as the threshold for significance for all statistical tests.
RESULTS
Comparison of Ml and M2 for mean values
Physiological parameters for all 26 patients from a total of 117 separate rCBF measurements are summarized in Ta ble 1. Data were analyzed from a total of 83 measurements from the initial 19 cases to compare the relationship of the MI model to the M2 model. The correlation between the two models was excellent with the r values ranging from 0.974-0.994 and the slopes ranging from 0.944-1.066 as shown in Ta ble 2. Mean ± SD for all observations (n = 117) in 26 patients. M2-In itial Slope In dex (l SI) and M3-IS 1 are the second bicompart mental and the mono compartmental model estimation of the lS I, respectively.
Comparison of M2-Initial Slope Index and
M3-Initial Slope Index for mean values
The results (Table 3 and Fig. 1 ) indicate close agreement between the M3 and M2 rCBF calcula tions. Regression analysis of M3 versus M2 rCBF for ipsilateral hemispheric mean flow for all intra operative conditions and all run lengths was r = 0.929. Regression analysis of M3 versus M2 rCBF for ipsilateral, contralateral, and global hemispheric mean flow for separate intraoperative conditions were similar. Because the full II-min data collec tion period was not available because of operative constraints (i.e., placement of the shunt before 11 min had elapsed), 25% of the measurements con sisted of data collection periods between 5 and 11 min. As summarized in Table 3 , this did not signifi cantly affect the correlation between the two models used for calculation of flow parameters.
Comparison of M2-Initial Slope Index and
M3-Initial Slope Index for mean values during carotid occlusion
The M3-Initial Slope Index (mean ± SD) for group 2 (n = 5) patients who had evidence of isch emia during carotid occlusion was 14.8 ± 5.4 versus 29.2 ± 11.5 ml 100 g-l min-1 in group 1 (n = 17) who did not show evidence of ischemia (p < 0.015). The corresponding mean ± SD for M2-Ini tial Slope Index was 16.8 ± 5.4 for group 2 and 28.7 ± 11.3 for group 1. M3-Initial Slope Index re gressed on M2-Initial Slope Index yield similar cor relations and slopes in group 1 (r = 0.856, p < 0.0001, slope = 0.845) and group 2 (r = 0.856, p < 0.0624, slope = 1.018), but the small n of five in group 2 yielded a relationship of only borderline significance.
Individual detector values
Although the results of correlations of mean hemispheric values were excellent, they represent noise-reduced data, because each hemispheric mean is derived from five individual detectors. In repeating analyses for individual detectors, � 100 rCBF measurements from 19 patients were analyzed. Correlations between M3 and Ml ranged from 0.92-0.96, and between M3 and M2 correlations were 0.87-0.96 (all p < 0.001). These values are similar to those obtained with hemispheric means. There was a significant effect of solution type (mono-versus bicompartmental): the mean correlation coefficient for biexponential solution (0.966) was significantly higher (F I. 1 8 = 143.37, P < 0.001) than that for monoexponential solutions (0.818). The difference between the M3 correlations with models Ml (0.898) and M2 (0.886) failed to reach significance.
In addition to type of solution, monitoring length may have influenced the correlations. Under some operative conditions (notably during carotid occlu sion), surgical considerations did not allow the full 11 min of clearance monitoring. This happened in �25% of the total rCBF procedures in the indi vidual detector analysis. We excluded these runs, and repeated the ANOVA as above on only those measurements that had the full 11 min. As before, biexponential solutions yielded better correlations than monoexponentials (0.978 versus 0.683, p < 0.001).
DISCUSSION
Direct measurement of rCBF is the best vali dated method to quantitatively monitor cerebral perfusion. Modern techniques are based on the pio neering work by Kety and Schmidt (1948) , and fur ther development of noninvasive radioisotope methods by Obrist et al. (1967) , among others. The technique involves inhalation or injection of 133Xe in saline into the circulation and quantification of the washin and washout of tracer by scintillation counters placed over the scalp in the region of in terest. Derived from the Fick principle, it has been rigorously shown that knowledge of the input func tion (arterial xenon concentrations) and the residual function (xenon amounts in cerebral tissue) is suffi cient for determination of clearance rates. More over, this method does not require determination absolute amounts, because it is based on slope analyses (i.e., derivative functions). Stable xenon at high concentrations has anesthetic properties, and is therefore less than ideal for flow determina tion. However, in tracer concentrations, 133Xe is inert and freely diffusible. Due to its high diffusion capability, end-tidal concentrations can be used as a measure of arterial concentration, thus avoiding the need for frequent arterial blood sampling.
Although there are a multitude of CBF indices described in the literature, we employed the Initial Slope Index. This parameter, first introduced for the intracarotid injection method, has been adapted for noninvasive use by Risberg et al. (1975) and re cently modified by Prohovnik et al. (1985) . The Ini tial Slope Index is a monoexponential fitting ob tained from a bicompartmental solution to the tracer washout curves. In theory, it represents both gray (fast compartment) and white matter (slow compartment) flow, although weighted heavily to ward gray matter. It is known to be superior to strictly compartmental indices, e.g., gray matter flow (fg), under low flow conditions and in general is more stable than gray matter flow (Prohovnik et aI., 1983) . However, because it is derived from a compartmental analysis, its value depends on the compartmental model employed.
Three physiological models were used for the analysis of clearance curves. The classical model (Obrist et aI., 1975) , here termed MI, assumes only two compartments, fast-and slow-clearing, which correspond to gray matter and white/extracranial, respectively. Due to the known existence of other compartments, which are most noticeable in the early portions of the clearance curve and which are not accounted for by this simple model, the anal ysis is not performed on the whole curve. Instead, a delayed fit is defined by the clearance of 133Xe from respiratory air, and usually occurs at �90 s after inhalation or injection of tracer. Thus, the classical analysis ignores the first 1 or 2 min of the clearance curve. The other model, here termed M2, assumes four compartments in the clearance curves and uses the total curve for analysis. In addition to the two cerebral compartments as above, the M2 model also assumes an air compartment and a blood com partment. These two were conceived to represent 133Xe in air passages and in a vascular compart ment.
In addition to the two models described above, we evaluated a slight modification of a mono com partmental model, M3, proposed by Wyper et aI. (Wyper et al., 1976) . In the original report by Wyper et aI., analysis was performed on min 2-4 of the clearance curve. Based on computer simula tions (Prohovnik et aI., unpublished data) , we chose to use min 1-3 of the clearance curve. This model has two advantages: it is truly independent of multiple compartmental analysis, and thus is free of major assumptions, and it only requires 3 min clearance monitoring. Both the Ml and M2 models, which are based on bicompartmental analysis, re quire a full 11-min clearance period. Wyper et aI. (1976) suggested that this index suffered only min imal contamination from extracerebral tissue due to its short duration, and that it was well correlated with results obtained by carotid injection of the tracer.
In our comparison of M 1 and M2 with the M3 models during carotid endarterectomy, we have found an excellent correlation between them. The degree of correlation varied as a function of moni toring time and success at reconstructing the bi compartmental clearance. Correlations of hemi spheric means (averaged across five detectors) were all better than 0.9 in the total material, as were the correlation obtained in individual de tectors, with regression slopes close to unity. A monitoring time shorter than 11 min lowered the correlations, in both hemispheric means and de tector values, as expected. The Ml and M2 models are known to lose reliability with shorter fitting times (Risberg et aI., 1975) . Also, correlations were lower when the M 1 and M2 models failed to define the two-compartment structure, as expected. The numerical value obtained from the M3 model was almost identical to the values obtained by the other models.
Under the circumstances where physiological conditions may change more rapidly than 11 min as discussed here, we conclude that the three models yield results that are nearly identical for practical clinical purposes. The brief M3 (Wyper) analysis can be used with clearance times as short as 3 min. Although the M3 analysis has the disadvantage of needing to assume a mean tissue partition coeffi cient (or provides only a clearance rate, rather than flow, when such a coefficient is not assumed), and does not provide estimates of gray and white matter distribution, its mean clearance estimates appear virtually identical to those obtained with more ex tensive models using 11 min of clearance. Under these circumstances, therefore, it appears to be the model of choice for conditions in which a brief monitoring is essential. Further work is required to assess its validity and reliability when 133Xe is ad ministered by inhalation, and at higher flow condi tions.
